The proper management of fecal sludge (FS), to block the transmission pathways of pathogens, is rarely enforced in many parts of the world. Health risks associated with different disposal practices of FS in peri-urban settings of a large metropolis in Thailand were assessed; Tha Klong sub-district with indiscriminate FS dumping, and Klong Luang sub-district which has an FS treatment system.
INTRODUCTION
In many large cities of developing countries, fecal sludge (FS) collection and disposal is becoming a serious environmental issue as accelerating urbanization results in increased generation of fecal matter that is beyond the capacity of FS collection and treatment facilities (Strauss et al. 1997) . According to Kone & Strauss (2004) , assuming an average daily per capita generation 1 L FS in urban areas, a city of 1 million inhabitants will need to collect daily 1,000 m 3 FS for treatment or disposal. However, reported daily collection rates for much larger cities, such as Bangkok in Thailand, Hong Kong in China and Accra in systems generate FS that needs to be evacuated for treatment and disposal (Heinss et al. 1998) . However, the collected FS is often dumped without proper treatment into waterways and/or onto public land, or reused in agriculture.
This leads to fecal contamination of the water environment and associated public health risks. While some local authorities in Thailand have installed FS treatment facilities, many of these facilities are not well designed and are managed by poorly-trained personnel. As a consequence, Quantitative Microbial Risk Assessment (QMRA) is an approach that calculates the risk a water system poses to public health based on knowledge of the distribution, concentration and infectivity of particular pathogens in the system (Hunter et al. 2003) . QMRA requires quantitative data on all major aspects of the concerned water environment, and to a certain degree has to rely on assumptions and estimations, particularly when it is applied to developing countries where reliable quantitative data is lacking.
The first aim of this study was to use QMRA to compare how different FS management practices in Thailand affected the degrees of fecal contamination in the water environment and associated health risks posed to local communities in the respective areas. The second aim was to assess the suitability of QMRA in developing countries where health and society factors often differ from those in developed countries where QMRA was originally validated.
MATERIALS AND METHODS

Study area
Klong Luang is a district in the northeast of Pathumthani province, and is situated in a very fertile urban -rural fringe of the central plains in Thailand, 46 km north from the center of Bangkok. Two sub-districts were selected as study areas for this investigation, namely Klong Luang sub-district and Tha
Klong sub-district (Figure 1 ). 
Laboratory analysis
Escherichia coli was recovered from both water and FS samples using the standard five-tube most probable number (MPN) technique (Oblinger & Koburger 1975) . A tenfold dilution series were made from each sample. 1 mL sample of each of ten dilution levels was inoculated in 10 mL lactose broth (E-MA49, Eiken Chemical Co., Ltd., Japan) at 378C
for 24 , 48 hours. 1 loopful of the culture was transferred into 10 mL EC medium (E-MB06, Eiken Chemical Co., Ltd., Japan) and incubated at 44.58C for 24 , 48 hours. The culture was then streaked in EMB agar (Eiken Chemical Tests were confirmed as positive E. coli samples.
Salmonella spp. was recovered from both water and FS samples using a modified APHA standard method (Fukushi et al. 2003 ) where a tenfold dilution series were made from each sample and 1 mL sample of each of ten dilution levels was inoculated in 10 mL EEM broth (E-MA23, Eiken
Chemical Co., Ltd., Japan) at 378C for 24 , 48 hours and 1 mL of the culture was then transferred to 10 mL Rappaport broth (E-MB25, Eiken Chemical Co., Ltd., Japan) at 378C for 24 , 48 hours. The culture was streaked in SS agar (Eiken Chemical Co., Ltd., Japan) and incubated at 378C for 24 hours. The results were expressed as most probable numbers per 100 mL (MPN/100 mL).
Statistical analysis
Data were log transformed and analyzed using two-way ANOVA without replication to assess the effects of sampling sites and months on pathogenic contaminations. Significance was determined at the 5% level. The respective contamination levels of E. coli and Salmonella spp. in Klong Nung and Klong Song were compared by one-way ANOVA. Subsequently, the geometric mean, maximum and minimum concentrations recorded at each site were compared in order to further explore the spatial trends of E. coli
and Salmonella spp. concentrations in each study canal. All statistical analysis was conducted using Microsoft Excel.
Quantitative microbial risk assessment (QMRA)
Risk characterizations were made using established betaPoisson dose -response models, as given below, to calculate the probability of infection after a single exposure (P 1 ) to Salmonella spp. and E. coli, respectively (Haas et al. 1999) .
The models have been generalized as the functions of two parameters, namely the median infectious dose (N 50 ) and the slope parameter (a) of the dose-response curve specific to the organism describing the probability (Beta) distribution of N 50 (Hunter et al. 2003) . In addition, d is the dose or exposure (i.e. the average number of organisms to be ingested) necessary to initiate infection (Ryu et al. 2005 ).
In our study we applied the best fitting parameters for a and N 50 , according to Haas & Eisenberg (2001) . These were respectively 0.3126 and 23,600 for Salmonella spp.
(multiple non-typhoid pathogenic strains; S. pullorum excluded), and 0.1778 and 8.60 £ 10 7 for E. coli (multiple non-enterohaemorrhagic strains except for O111).
Four scenarios were developed for the ingestion of canal water based on the authors' observations and local interviews, as shown in Table 2 . The typical ingestion dose associated with each scenario was assumed in reference to Covello & Merkhofer (1993) and Steyn et al. (2004) .
Risk was calculated for exposure to the maximum, geometric mean and minimum concentrations of each microorganism. The annual risk of infection (P n ) was calculated for each scenario using the following equation (Haas et al. 1999 ):
The results were expressed as the number of cases per 10,000 people, and compared with the acceptable risk of 1 case per 10,000 persons per annum, as defined by the 
RESULTS
Spatial trend of pathogenic contamination in the two
sub-districts
The concentrations of Salmonella spp. and E. coli in the canal water samples are summarized in Table 3 . The influence of water temperature was considered negligible
as it remained at 32 -348C during the monitoring period.
The two-way ANOVA showed no significant effect of sampling time on E. coli or Salmonella spp. levels (P ¼ 0.414 for E. coli, P ¼ 0.234 for Salmonella spp.) but there was a significant difference between sampling locations ( p , 0.001 for both E. coli and Salmonella
spp.). The geometric mean concentrations of both
Salmonella spp. and E. coli were higher in Tha Klong sub-district than in Klong Luang sub-district. Table 4 summarizes the levels of Salmonella spp. and E. coli in each canal by sub-district. There was also a significant difference in pathogen concentrations in the two canals (P ¼ 0.009 for E. coli, P , 0.001 for Salmonella spp.), with the numbers of pathogenic microorganisms in Canal B being significantly greater than those in Canal A. In Canal A, the levels of both Salmonella spp. and E. coli were lowest at was equivalent to 1,418 cases/10,000 persons, which was much lower than the estimation by QMRA using the data from samples collected during the same period. No epidemiological data had been recorded for Tha Klong sub-district.
Correlation of fecal indicator organism and actual pathogenic organism
There was a strong correlation between the concentrations of Salmonella spp. levels ( Figure 5 ). E. coli concentrations exceeded those of Salmonella spp. at all sampling sites (Table 3, Figure 5 ) but the infection risks of Salmonella spp.
estimated from these same microbial concentrations were considerably higher than those of E. coli. In fact, the infection risks of Salmonella spp reached 100% at many sampling sites, preventing a clear demonstration of the correlation between Salmonella spp and E. coli infection risks (r ¼ 0.49). Geometric mean concentrations of E. coli
and Salmonella spp. in FS samples were 7.5 £ 10 6 and 3.5 £ 10 5 MPN/100 mL, respectively. except for site 6 and 7 where additional input of these species occurred presumably in the form of effluent discharge from the food market. It is thus implied that the installation of an appropriately designed FS treatment system alone will not be sufficient, and that stringent restrictions on canal water use for local communities is required to protect the public's health.
DISCUSSION
Based on the QMRA, the estimated risks of E. coli and Salmonella spp. infection were greater in Tha Klong subdistrict, where FS was indiscriminately discarded, than in Klong Luang sub-district where FS is collected in the FS treatment facility. General assumption is that higher concentrations of E. coli lead to higher estimation of infection risks. However, the results of our study was contradictory.
The higher estimated infection risks from Salmonella spp. than from E. coli, despite the lower Salmonella In our study the estimated risks of both E. coli and Salmonella spp. infections were extremely high compared to the acceptable risk of 1 case/10,000 persons. This indicated that almost the entire population along the canals would suffer annual infection from these two pathogens.
However, cross-comparison with recorded occurrences of water-related disease in the sub-district showed that the QMRA greatly overestimated the infection risk. As mentioned earlier, QMRA requires quantitative data on all major aspects of the related water environment, and therefore has to rely on assumptions and estimates when recorded data is unavailable. This is particularly true when QMRA is applied to less developed countries where there is often a particular shortage of recorded information.
Typically the QMRA model has been developed using data from healthy adults in developed countries who have been exposed to various doses of microorganisms (Haas & Eisenberg 2001) . Therefore the lack of agreement between the QMRA estimated risk and recorded occurrence of disease in our study indicates that the QMRA model needs to be modified for accurate use in less developed countries.
In particular research is needed to produce adjusted factors to incorporate the immunological differences between healthy adults in developed and less developed countries.
In addition there is often a wide range of social groups that have different degrees of immunity, contact with the water environment and societal behavior, and so this makes it impractical to integrate the varied health risks to produce an overall community-level risk. Therefore, in our study we produced a scenario-based risk estimate rather than a community-level risk estimate by targeting the population with a high probability of contact with canal water; namely residents along the canal who are typically middle to low income class and use the canal water daily for laundry and bathing. However, the possible development of immunity from repeated exposure to the pathogens in daily life was not taken into consideration. Based on the results of our study, it is therefore clear that in addition to modifying factors for less developed countries, we also need to determine different factors to take account of different sub-populations whose societal behavior results in different degrees of contact with potentially contaminated water.
CONCLUSIONS
The following conclusions were drawn from this study:
1. Indiscriminate FS dumping and discharge of market waste were identified as possible sources of fecal contamination in the canals in the peri-urban region of Thailand, highlighting the need for the stringent restriction of public use of canal water, as well as for the installation of an appropriately designed FS treatment system.
2. While E. coli can be effectively used as an indicator organism of concentrations of Salmonella spp., estimated risks of E. coli infection do not accurately indicate the risk of infection from Salmonella spp.
3. The application of QMRA as a tool to accurately assess infection risks in less developed countries requires the determination of sensitivity factors, based on systematic collection of comprehensive epidemiological data in the region, in order to reflect immunological differences between different sub-populations.
